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ABSTRACT 
 15 
The Urban Heat Island (UHI) phenomenon is frequently associated with heat waves, both in scientific 
literature and in the media. Health problems and other issues often result from the co-occurrence of 
these two phenomena. Previous studies have not yet provided sufficient evidence to validate potential 
links between UHIs and heat waves. The MUSTARDijon network was set up in 2014, in Dijon, France. 
Its spatial density (60 sensors) and temporal depth (6 summers) provide information about several Hot 20 
Spells and Heat Waves (HS&HW), as well as the daily intensity of UHIs. For the period from June to 
August (the warmer months), no statistical relationship could be established between temperature and 
UHI intensity. The UHI phenomenon is strong when days are sunny and not very windy; these two 
conditions are frequently met during HS&HW, but not systematically. By contrast, these conditions can 
be fulfilled even without high temperatures. Strong UHIs can thus develop outside Hot Spell/Heat 25 
Wave (HS/HW) events. These HS&HW are not necessarily in phase with UHIs: maximum UHI 
intensity tends to occur before the onset or during the first few days of HS&HW. The intensity of the 
UHI decreases during HS&HW because nocturnal urban temperature generally remains stationary, 
whereas rural temperature tends to increase at night. The hypothesis proposed is that this increase in 
rural night temperature during HS&HW could be linked to the decrease in Actual Evapotranspiration 30 
(ETa) and soil wetness. 

Keywords: Urban Heat Island intensity, hot spells & heat waves, hot day, medium-sized city, evapotranspiration, soil 
moisture 

 

1. Introduction 35 
 

In France and all over the world, heat waves are increasing in frequency, intensity, and duration 
(Meehl, 2004; Shindell, 2007; Ouzeau et al., 2016; Soubeyroux et al., 2016). Over the next few 
decades, this increase is likely to continue (Schär et al., 2004; Stott et al., 2004; Barriopedro et al., 
2011; Suarez-Gutierrez et al., 2020), raising the question of how communities will adapt to climate 40 
change (Adger et al., 2013). Heat waves are particularly deadly in cities (Vandentorren et al., 2004; 
Robine et al.; 2008; Barriopedro et al., 2011), even more so as they are generally associated with air 
quality degradation (Shaposhnikov et al., 2014; Churkina et al., 2017). The Urban Heat Island (UHI) 
phenomenon leads to even higher air temperature in cities, particularly at night (Conti et al., 2005; 
Habeeb et al., 2015; McGregor et al., 2015; Heaviside et al., 2016; Paravantis et al., 2017; Liao et al., 45 
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2018). In hot climates, where air-conditioning is used to cool buildings, UHIs also lead to greater 
energy consumption (Hatvani-Kovacs et al., 2016). During heat waves in France, UHIs are more likely 
to lead to health problems (Pascal et al., 2018). An index of vulnerability to thermal stress has already 
been developed for London (Wolf and McGregor, 2013). Further detailed analysis of the relationship 
between heat waves and UHIs is essential before proposing coherent solutions for these issues (Masson 50 
et al., 2013; Lemonsu et al., 2015; Hendel et al., 2016; Rajkovich and Larsen, 2016; Lehoczky et al., 
2017; Daniel et al., 2018). 

Studies investigating possible correlations between heat waves and UHI intensity are often based on 
observations (e.g. Schatz and Kucharik, 2015; Ramamurthy et al., 2017; Rogers et al., 2019), but some 
studies also include climate modeling with WRF (Weather Research and Forecasting; e.g. Li and Bou-55 
Zeid, 2013; Heaviside et al., 2015; Ramamurthy and Bou-Zeid, 2017; Ortiz et al., 2018; He et al., 
2020). Several studies have shown that UHI intensity increases during heat waves, in the UK 
(Tomlinson et al., 2012; Heaviside et al., 2015), in the USA (Li and Bou-Zeid, 2013; Schatz and 
Kucharik, 2015; Ramamurthy and Bou-Zeid, 2017; Ramamurthy et al., 2017; Ortiz et al., 2018), in 
China (He et al., 2020), and in Australia (Rogers et al., 2019). The results for one study in the USA 60 
showed an increase in UHI intensity during heat waves for larger cities, but observed no change for 
smaller cities (Ramamurthy and Bou-Zeid, 2017), while other studies found no change in UHI intensity 
during heat waves for Oklahoma City (Basara et al., 2008; 2010), or for Atlanta (Zhou and Shepherd, 
2010). In Perth (Australia), in surprising contrast with results for Adelaide and Melbourne in the same 
study, observed UHI intensity was lower during heat waves (Rogers et al., 2019). A comparison of 65 
cities in the USA shows that daytime UHI intensity is related to differences in heat convection 
efficiency between urban and rural areas (Zhao et al., 2014). This convection effect depends on the 
local background climate (wet or dry). Several hypotheses have been proposed to explain the increase 
in UHI intensity during heat waves: atmospheric stability (Tomlinson et al., 2012), lower wind speed 
(Li and Bou-Zeid, 2013), anticyclonic summer conditions (Heaviside et al., 2015), and clearer skies 70 
(Schatz and Kucharik, 2015). Factors such as evapotranspiration in rural areas (Li and Bou-Zeid, 
2013), and impervious urban surfaces (Ortiz et al., 2018) may also play a role in increasing UHI 
intensity. Higher UHI intensity can be observed in response to heat waves, even more noticeably at 
night in Beijing (e.g. He et al., 2020). 

The link between heat waves and UHI intensity remains difficult to assess, and no true consensus on 75 
this precise topic has so far emerged from the literature. To establish whether UHIs are stronger during 
heat waves, the dataset must be spatially coherent, and cover a long enough period for several heat 
waves to be recorded. These requirements are met in Dijon (northeastern France) by the Measuring 
Urban Systems Temperature of Air Round Dijon (MUSTARDijon) network (Richard et al. 2018). 
Almost half the urban European population (44%) lives in medium-sized cities (Giffinger et al., 2007), 80 
of a similar size to Dijon. To investigate potential links between UHIs and heat waves, it is important to 
analyze the characteristics of both phenomena: 

- time of day. The UHI phenomenon intensifies at sunset. How does it evolve during the night, and is 
the pattern different for heat-wave nights? 
- season. The UHI phenomenon is generally stronger in the warmer months. Does it vary during this 85 
period? In spring and early summer, Actual Evapotranspiration (ETa) is at a maximum in rural areas, 
whereas in mid- and late summer, ETa decreases. This decrease is particularly noticeable in cropland, 
where ETa is lower after the harvest.  
- duration of heat waves. In cities, heat can accumulate during longer heat waves because of building 
thermal inertia, and the increased use of air-conditioning. In rural areas, ETa may decrease due to soil 90 
moisture depletion. 



How does UHI intensity evolve during a heat wave? The meteorological conditions before the heat 
wave period may also affect UHI intensity. Rainfall in the previous days could increase ETa, 
particularly in rural areas, making soil wetness measurements essential (Imran et al., 2018). 

In this paper, we use the term Hot Spells and Heat Waves (HS&HW) to cover all hot periods that 95 
might have a negative impact on human well-being. We focus on the relationship between UHI 
intensity and the Hot Spell and Heat Wave (HS/HW) events that have occurred in Dijon since the 
deployment of the MUSTARDijon network in 2014.  

This study is structured as follows: in the material and methods section, the study area is presented, 
then the dataset, the time frame (seasonal and diurnal), the thresholds and criteria used to define 100 
HS&HW, and the UHI index. In the results and discussion section, UHI values will be assessed in 
relation to meteorological variables. The temporal relationship between UHI intensity and HS&HW 
will be analyzed in detail. Assessing the effects of ETa and soil moisture on UHI evolution during 
HS&HW will then bring to light potential explanations for the results observed. 

 105 

2. Material and methods 

 

2.1. Data 

Since June 2014, hourly measurements of temperature (3 m above ground level) have been recorded 
by the MUSTARDijon network (Richard et al., 2018), with a total of 60 sensors since 2016 (Fig. 1). 110 
This network was designed to capture meso-scale rather than micro-scale thermal conditions. 
Observations collected at Dijon-Longvic (DL), a synoptic weather station operated by Météo-France at 
an airport site (Fig. 1), include air temperature at 2 m above ground level (DLT), raingauge rainfall 
(RR1), wind speed at 10 m above ground level (FF), sunshine duration measured in minutes rather than 
hours (SH), and relative air humidity (RH). Other data for raingauge rainfall (RR2), potential 115 
evapotranspiration (ET), actual evapotranspiration (ETa), and Soil Wetness Index (SWI) are taken from 
Safran-Isba-Modcou (SIM) surface data (8 km * 8 km), a Météo-France product combining 
observations and model outputs (Soubeyroux et al., 2008). The period studied is from June 6, 2014 
(deployment of MUSTARDijon) to July 29, 2019 (end of data collection for this study). 

 120 

2.2. Key phases of the UHI day 

Maximum UHI intensity is recorded during the warmer months, when heat waves also occur. The 
season analyzed in this study extends from April 1 to September 30, thus including 968 days and nights 
during the six warm seasons covered by MUSTARDijon (2014–2019). Data for a UHI day are not 
assessed from 0000 to 2300 UTC, but from 0700 UTC to 0600 UTC, to avoid a night period spanning 125 
two calendar dates. Each night is thus associated with the previous day. Three key moments within the 
UHI day are targeted: 1 / afternoon: maximum temperature (1300–1700 UTC): 2 / evening: when the 
temperature drops sharply, and UHI intensity increases (1900–2300 UTC); 3 / night: minimum 
temperature (0000–0400) UTC. 

 130 

2.3 UHI Index: Urban Index minus Rural Index 

The appropriate Local Climate Zone (LCZ; Stewart and Oke, 2012) was identified for each of the 60 
sensors recording air temperature in the MUSTARDijon network (Richard et al., 2018; Fig. 1). An 
Urban Index and a Rural Index were built from representative sets of sensors, with almost no missing 



values. The UHI Index is the difference between the Urban Index and the Rural Index. The 135 
MUSTARDijon network contains a sufficient number of sensors for a robust UHI Index to be 
calculated, as was the case for Madison, Wisconsin, USA (Schatz and Kucharik, 2012). 

The Urban Index corresponds to LCZ2, in the city center (Fig. 1), as no area of Dijon corresponds to 
LCZ1 (Richard et al., 2018). The mean temperature was calculated for the only two sensors that fit the 
selection criteria (Place de la Libération and rue Chancelier de l’Hôpital, Fig. 1). Suitable candidate 140 
sensors for the Rural Index are located in sparsely built or unbuilt areas, at some distance from the city 
center, but at a comparable elevation. As sensors are attached to street lamps, few MUSTARDijon 
sensors are located in LCZA–G (Fig. 1). To the west, the plateaus and valley bottoms cause 
topographic effects (e.g. nocturnal inversions) that are not integrated into the LCZ typology, thus 
complicating any interpretation of the results (Suomi, 2014, Ketterer and Matzarakis, 2015, Leconte et 145 
al., 2017, Lee and Oh, 2018). The four sensors retained for the Rural Index are therefore Ahuy (LCZ9) 
to the north, Saint-Apollinaire (LCZD/104) and Magny-sur-Tille (LCZ9) to the east, and Perrigny-lès-
Dijon (LCZD/104) to the south (Fig. 1). The mean temperature for these four sensors was then 
calculated. The UHI is defined as the difference between the Urban Index and the Rural Index (UHI = 
Urban − Rural). The DL station was not selected for the Rural Index, as Météo-France equipment is 150 
different from MUSTARDijon sensors. 

 

2.4. Hot Spells and Heat Waves (HS&HW) 

To identify HS&HW, two thresholds were applied to DLT. These thresholds, for maximum daily 
temperature (DLTx), and minimum daily temperature for the following night (DLTn), were set to select 155 
the largest possible sample, which unfortunately remains rather small for statistical analysis. 
Thresholds set for DLTx > 32 °C and DLTn > 16 °C identify clearly recognizable hot days. These 
values are, however, below the risk prevention thresholds (for Dijon, 34 °C and 19 °C) used to trigger 
regional health alerts in France. Another criterion used to define heat waves in France is temporal 
persistence, with a minimum of three consecutive days. The limit set in this study is two consecutive 160 
days, with a threshold of seven consecutive days for long Hot Spell/Heat Wave (HS/HW) events.  

 

3. Results and discussion 

 

The first results investigate the relationship between UHI intensity, temperature, and meteorological 165 
conditions, for the warmest six months (April–September), over a six-year period (2014–2019). All 
HS&HW occurring within the study period are thus identified. Further analysis of UHI intensity 
focuses on the comparison of long HS/HW events, and then on the first seven days of each long 
HS/HW. 

 170 

3.1. UHI intensity, temperature, sunshine duration, and wind speed 

Values for UHI intensity and DLT are plotted from June to August, for 2014 to 2019 (Fig. 2). 
Correlations between UHI intensity and DLT are –0.04 for afternoon, +0.32 for evening, and +0.09 for 
night. Although correlations for evening and night are significant (P = 0.01), the values are low, and no 
significant correlation is observed for afternoon. When the focus is on the 74 hot days (Fig. 2), 175 
correlations between UHI intensity and DLT are –0.11 for afternoon, –0.12 for evening, and –0.30 for 
night, but these slightly negative correlations are not significant. This result may seem counter-



intuitive, because hot days and HS&HW are generally associated with sunshine and almost no wind, 
meteorological conditions that also result in increased UHI intensity. 

Figure 3 presents data from April to September for 2015 and 2018, two years with long HS/HW 180 
events (see Fig. 4). The following observations can be made: 

— during the warmer months, the seasonal temperature pattern is clear, with higher values in July and 
August (Fig. 3a, e), but no such pattern can be identified for UHI intensity (Fig. 3b, f); 

— in windy conditions (Fig. 3d, h), the temperature may be high, but UHI intensity is low (Fig. 3, 
black dotted outline); 185 

— when there is little or no sunshine (Fig. 3c, g), the temperature may still be high, but UHI intensity 
remains low (Fig. 3, black outline). 

Although no statistical analysis is presented here, this visual comparison of data from April to 
September shows that strong UHIs can occur on days with sunshine when there is almost no wind. 
High temperature (Fig. 3a, e) is not always a key condition for higher UHI intensity (Fig. 3, red 190 
outline). Synchronicity between hot days and UHI intensity is not systematically observed during the 
warmer months.  

 

3.2. UHI intensity and long HS&HW 

All the HS&HW during the study period (2014–2019) occur between June 19 and August 31, with 195 
most occurring in July (Fig. 4). Three long HS/HW events (≥7 days) are identified in 2015, one in 
2018, and two in 2019. Of the 53 days within these HS&HW, 14 are below the maximum daily 
temperature threshold, with only 3 days below the minimum daily temperature threshold (Tab. 1). The 
most affected event is HS/HW 3, with 6 days below the maximum daily temperature threshold, 2 days 
below the minimum daily temperature threshold, missing rainfall data for 3 of the days, low sunshine 200 
duration values, and a noticeable rainfall event (10.2 mm). In HS/HW 1 and in HS/HW 6, only one day 
is slightly below (31.9 °C) the maximum daily temperature threshold, while all values for HS/HW 5 are 
above the thresholds. 

Direct comparison between DLT and UHI for each long HS/HW, aligned over a 30-day period, 
shows that the two phenomena are out of phase, both hourly and daily (Fig. 5). As expected, UHI 205 
intensity is highest in the evening and at night, whereas maximum DLT occurs in the afternoon. More 
surprisingly, maximum UHI intensity tends to occur slightly before the onset of long HS&HW, and is 
generally limited to the first few days of HS&HW. 

No clear pattern is discernible in the DLT mean values for the six long HS&HW, aligned (as in 
Fig. 5) over a 30-day period (Fig. 6a). Mean daily DLT values show substantial variation for the first 210 
seven days and for the entire duration of the six long HS&HW,. The maximum daily values for UHI 
intensity for the six long HS&HW show a similar level of variability (Fig. 6b). There is, however, a 
general tendency for UHI intensity to diminish over time, more noticeably during HS/HW events 1, 2, 
and 4, and less clearly for HS/HW events 3, 5, and 6. The negative values suggest a daytime cool 
island, an interesting result for a compact mid-rise LCZ in a medium-sized city. Daytime cool islands 215 
have been observed in Hong-Kong, a compact high-rise high-density city (Yang et al., 2017), and in 
several other medium-sized cities: Taipei, Taïwan (Chang et al., 2007); Turku, Finland (Suomi and 
Käyhkö, 2012); Erbil, Iraqi Kurdistan (Rasul et al., 2015); Toulouse, France (Martins, 2016); and 
Bragança, Portugal (Gonçalves et al., 2018). 
 220 
3.3. Mean temperature and UHI intensity during the first seven days of long HS&HW 



As the six long HS&HW varied in duration from 7 to 14 days, mean temperature and UHI intensity 
for all long HS&HW were calculated for each of the first seven days (Fig. 7), for afternoon (Fig. 7a–b), 
evening (Fig. 7c–d), and night (Fig. 7e–f). Mean temperature for the Rural Index is systematically 
lower than for the Urban Index, whatever the time of day, for each day of the HS&HW (Fig. 7a, c, and 225 
e). Mean temperature is always high in the afternoon, with little difference between the Rural and 
Urban Indices (Fig. 7a). Mean temperatures are lower during evening and night, with much greater 
differences between the two indices (Fig. 7c and e). Mean UHI intensity is therefore higher during 
evening and night (Fig. 7d and f) than in the afternoon (Fig. 7b). 

A more detailed analysis of temporal dynamics shows that the Urban Index rises on days 1 and 2, 230 
reaches a peak on days 3 to 5, and then falls on days 6 and 7, whatever the time of day (Fig. 7a, c, and 
e). The same pattern is observed for the Rural Index, but only in the afternoon. The resulting UHI 
intensity (0.5–1 °C) is stable (Fig. 7b). During the evening and at night (Fig. 7c and e), the Rural Index 
mean temperature does not fall on days 6 and 7. The resulting UHI intensity is highest on days 1 and 2, 
slightly lower on days 3 to 5, and lowest on days 6 and 7 (Fig. 7d and f). The standard deviation 235 
analysis seems to confirm the reliability of these results, revealing no discernible trend for the six long 
HS/HW events. 

 

3.4. Relationship between mean values for UHI intensity, soil wetness, and Eta 

Further and more detailed exploration is necessary for better understanding of these results. Two 240 
unresolved questions are therefore investigated together: the lack of synchronicity between HS&HW 
and UHI intensity, and the increase in temperature in rural areas together with the decrease in UHI 
intensity, in the evening and at night, during HS&HW. Maximum UHI intensity tends to occur before 
the onset of HS&HW, and is generally limited to the first few days, particularly for HS/HW events 1, 2, 
and 4, and less noticeably for HS/HW events 3, 5, and 6 (Fig. 6). During HS&HW, a gradual increase 245 
in evening and night temperatures is observed for the Rural Index, but not for the Urban Index, 
resulting in lower UHI intensity (Fig. 7).  

 In rural areas, fewer surfaces are impervious, so soil moisture is higher; greater plant density favors 
evapotranspiration, leading to lower nocturnal temperatures. Evapotranspiration is less likely to have an 
impact in cities, because of the greater area covered by impervious surfaces, thus contributing to the the 250 
limited temporal variation of higher nocturnal temperatures in the Urban Index during HS&HW. The 
gradual rural warming observed for mean evening and night temperatures during HS&HW could be 
explained by a decrease in soil wetness and ETa over time. 

To test this hypothesis, daily mean and standard deviation (SD) values for soil and weather 
conditions were calculated for the first seven days of the six long HS&HW (Fig. 8). The data measured 255 
at DL include raingauge rainfall (RR1), sunshine duration (SH), wind speed (FF), and relative air 
humidity (RH). The data produced by SIM analysis include raingauge rainfall (RR2), potential 
evapotranspiration (ETP), actual evapotranspiration (ETa), and a Soil Wetness Index (SWI). No 
discernible pattern is observable in weather conditions, for both mean and SD, during the first seven 
days of the six long HS&HW (Fig. 8). Soil–atmosphere exchanges, however, tend to decrease (Fig. 8g: 260 
ETa), probably as a result of low soil moisture (Fig. 8h: SWI). The decrease is more clearly visible in 
SD than in mean values (Fig. 8g–h), as soil and weather conditions in the days before each of the six 
long HS&HW are unlikely to be identical. 

 

3.5. Detailed analysis of each long HS/HW 265 

As ET values are a synthesis of several meteorological variables (T, SH, FF, and RH), the 



discussion will now focus only on rainfall (RR1 & RR2) and ET, in relation to ETa, SWI, and UHI 
intensity for each long HS/HW (Fig. 9). Little or no rainfall (RR1) was recorded at DL during five of 
the six HS&HW (Fig. 9a). Among the uncertainties associated with SIM analysis, rainfall is often the 
most sensitive. As the results of SIM rainfall analysis (RR2; Fig. 9b) are very similar to the measured 270 
RR1 values, the remaining SIM variables may be considered fairly reliable. The SIM analysis covers a 
much larger area than the DL station, resulting in more frequent rainfall, but lower values. Rainfall data 
during HS&HW are also sensitive to local summer storms, which could explain the disparity between 
RR1 and RR2 for HS/HW 3 (Fig. 9a–b). With such low rainfall values, five of the six long HS&HW 
also show a related decrease in ETa (Fig. 9d) and SWI (Fig. 9e). The ETa values show greater daily 275 
variability than the SWI values, as ETa is the result of ET and SWI combined. The daily maximum 
intensity of UHI (Fig. 9f) over the same period decreases in a similar way to SWI and ETa, with daily 
variability similar to the ET pattern (Fig. 9c). Some differences in the pattern of UHI intensity are 
nevertheless observed for HS/HW 3, HS/HW 5, and HS/HW 6. The difference in UHI values between 
evening and afternoon (Fig. 9g) presents a very similar pattern to the daily maximum UHI intensity 280 
(Fig. 9f). The evening increase in UHI intensity is therefore almost equal to the daily maximum UHI 
intensity, a result coherent with the ETa hypothesis.  

The overall pattern for HS/HW 3 is different from that of the other five long HS&HW. It is the only 
HS/HW with a noticeably high level of rainfall (RR1, Fig. 9a), and even higher values for RR2 (Fig. 
9b). In fact, HS/HW 3 includes rainy days that would completely change all physical processes (Table 285 
1). This is not the case with the other HS&HW, with warm anomalies being favored by atmospheric 
stability and enhanced by soil dryness (Zampieri et al., 2009; Stéfanon et al., 2014; Whan et al., 2015). 
The SIM values for ETa (Fig. 9d) and SWI (Fig. 9e), which are partly based on RR2 values, show a 
similar rising pattern, different from the decreasing trend observed for the other long HS/HW events. 
The high UHI intensity that persists during HS/HW 5 (Fig. 9f) could perhaps be explained by the Rural 290 
Index for this period (not shown), where evening and night temperatures show no increase. The ETa 
(Fig. 9d) and SWI (Fig. 9e) values are high at the onset of HS/HW 5 and remain higher than for the 
other five HS&HW. In fact, HS/HW 5 is the only long HS/HW to occur entirely in June (Fig. 4), before 
the end of the harvest, which could contribute to the relatively low nocturnal temperatures observed in 
the Rural Index. Maximum UHI intensity occurs before maximum DLT (Fig. 6) during HS/HW 6, the 295 
hottest event (Fig. 6a), which also has remarkably high ET values (Fig. 9c). The UHI intensity (Fig. 9f) 
remains high throughout HS/HW 6, despite low values for ETa (Fig. 9d) and SWI (Fig. 9e). 

 

3.6. Spatial analysis of soil wetness and Eta during the first seven days of long HS&HW 

Although the SIM data are low resolution (8 km) at the scale of the Dijon administrative area (Dijon 300 
Métropole), they provide some spatial information about ETa and SWI (Fig. 10). The daily mean 
values were calculated for the first seven days of the six long HS&HW. Precise identification of built 
and unbuilt surfaces within the urban area is not possible at this resolution, but the heterogeneous 
nature of surfaces in the surrounding areas can be identified, with a marked difference between the 
wooded areas in the northwest, and the croplands on the plains in the southeast. The ETa values are 305 
highest in the northwest, lower in the southeast when the soil is bare, after harvest (which is generally 
the case during the long HS&HW), and lowest of all in the urban built areas, as expected (Fig. 10a). 
During the first seven days of the six long HS&HW, mean values decrease for ETa (Fig. 10a) and for 
SWI (Fig. 10b), throughout the study area. It is not possible to provide a robust quantification of the 
difference between urban and rural values at this low spatial resolution (8 km), with the limited size of 310 
the sample (6 long HS/HW events). 

 



3.7. Perspectives for further studies  

These preliminary results, from the dense MUSTARDijon network, over a six-year period, provide 
sufficient basis for further experiments using high-resolution climate models with an urban canopy 315 
model (e.g. Meso-NH / TEB; Masson, 2000). Sensitivity experiments on soil moisture could provide 
information about sensible and latent heat fluxes at the interface between land surface and atmosphere. 
Such experiments could help quantify to what extent these fluxes differ (i) between urban and rural 
areas, (ii) between the early and later stages of HS&HW, and (iii) in the long term, how they could be 
perturbed by ongoing climate change. The relative weight of these fluxes, synthesized for instance 320 
through the Bowen ratio, and its variability in space and time, could have considerable impact on the 
intensity of local temperature gradients and on UHI intensity. Combining high-resolution climate 
models with dense local networks, extended to cover additional parameters (wind speed & direction, 
and global radiation), will provide the perennial tools required for long-term investigation of urban 
climate change. 325 

 

5. Conclusion 

 

In temperate zones, UHI intensity causes societal problems in summer, during HS/HW events. In 
general, HS&HW develop in sunny conditions, with little or no wind, which are also the ideal 330 
conditions for an increase in UHI intensity. In Dijon, a medium-sized European city, during the three 
warmer months (June to August), there is little correlation between UHI and air temperature, whether 
for the entire period, or for those days identified as hot days. There is no synchronicity between UHI 
and temperature: UHI intensity is highest before HS&HW onset, or during the first few HS&HW days. 
During the six long HS&HW identified in this study, the nocturnal gradient between urban and rural 335 
temperatures (used to calculate UHI intensity) decreases, as rural temperatures rise at night. The 
decrease in SWI and ETa in rural areas during HS&HW leads to a decrease in surface latent heat 
fluxes, closer to urban conditions.  

The long-term evolution of climate change is a complex problem, with many parameters: summer 
temperatures will almost certainly increase, while soil moisture and rainfall will probably decrease. As 340 
dry conditions become more prevalent, UHI intensity, measured as the gradient between nocturnal 
urban and rural temperatures, will tend to decrease. Conditions in urban areas will also evolve (with 
changes in size, building materials, spatial extent, and surface impermeability). Such changes are 
negligible within the six-year period analyzed in this study, but will be more difficult to take into 
account at a longer time-scale. A systemic approach with climate models can integrate changes in both 345 
climate and urbanization. 

Adapting to climate change would not seek to limit UHI intensity, but more generally to reduce 
nocturnal temperatures in urban areas and their rural surroundings. Vegetation, soil moisture and ETa 
can all contribute to lower temperatures at night. In urban areas, soil moisture and ETa can be raised by 
increasing vegetation, but irrigation requirements must be taken into account. In temperate zones, many 350 
cities are surrounded by fields of crops that will generally have been harvested before the main 
HS&HW period, leaving the soil bare. Forest belts (e.g. the woods northwest of Dijon) and market 
gardening could contribute to ecosystemic resilience, with beneficial effects on nocturnal temperatures 
within and around the city. 
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Fig. 2. Scatter plot of UHI intensity & Dijon-Longvic 
air temperature at 2 m (DLT), in K, 

June to August 2014-2019. 
(a) Afternoon (1300-1700 UTC) mean. 
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(c) Night (0000-0400 UTC) mean. Red: hot days. 
Blue: days below threshold values (Tx > 32 and Tn > 16°C).
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(b) & (f ) UHI intensity in K. 
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Red outline: lower T °C, sunny & not very windy, with strong UHI. 
Black outline: higher T °C, not very sunny, without strong UHI. 

Black dotted outline: higher T °C, sunny & windy, without strong UHI. 
N.B. White patches indicate missing data.
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Orange cells: short HS&HW. 
Yellow cells: isolated hot days. 

Cell numbers indicate calendar days. 
Numbered cells indicate days above threshold values (Tx > 32 °C and Tn > 16 °C). 

Dates for each long Hot Spell/Heat Wave (HS/HW):
2015: HS/HW 1 (30 June-7 July), HS/HW 2 (15-21 July), HS/HW 3 (3-12 August). 
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N.B. Data collection ended 29 July 2019.
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(a) to (f ) Hot Spell/Heat Wave 1 to 6 (see Fig. 2). 

DLT air temperature at 2 m at Dijon-Longvic in °C (above). 
UHI intensity in K (below). Hot Spell/Heat Wave onset: day 11. 

Black outline: total Hot Spell/Heat Wave duration. 
NB: White patches indicate missing data.
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Fig. 6. Evolution of DLT and UHI for each long HS/HW, aligned over a 30-day period.
Each Hot Spell/Heat Wave (HS/HW) is aligned to begin on Day 11.

Red line: values during the HS/HW.
Black line: values before and after the HS/HW. 

Black dotted outline: �rst seven days of the HS/HW.
(a) DLT: Mean daily air temperature at 2 m for Dijon-Longvic in °C. 

(b) Maximum daily UHI intensity in K. 
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Fig. 7. Mean rural temperature, urban temperature, and UHI intensity 
for the �rst seven days during long HS&HW. 

(a) & (b): Afternoon (1300-1700 UTC). 
(c) & (d) Evening (1900-2300 UTC). 

(e) & (f ) Night (0000-0400 UTC). 
(a), (c), & (e): T °C (rural in blue, urban in red). 

(b), (d), & (f ) UHI intensity in K (mean +/- SD indicated by black error bars).
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Fig. 8. Mean meteorological and soil conditions for the �rst seven days during long HS&HW. 
(a) RR1: daily rainfall, observed at DL. 

(b) RR2: daily rainfall, mean of 4 grid-points analyzed in SIM. 
(c) SH: sunshine duration (DL). 

(d) FF: wind speed (DL). 
(e) RH: relative air humidity (DL). 

(f ) ET: potential evapotranspiration (SIM). 
(g) ETa: actual evapotranspiration (SIM). 

(h) SWI: soil wetness index (SIM). 
Mean +/- SD indicated by red error bars.
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Fig. 9. Meteorological and soil conditions for each long HS/HW, aligned over a 30-day period.
Each Hot Spell/Heat Wave (HS/HW) is aligned to begin on Day 11.

Red line: values during the HS/HW.
Black line: values before and after the HS/HW. 

Black dotted outline: �rst seven days of the HS/HW. 
(a) RR1: rainfall observed at Dijon-Longvic. 

(b) RR2: rainfall mean of 4 grid-points analyzed in SIM. 
(c) ET: potential evapotranspiration (SIM). 
(d) ETa: actual evapotranspiration (SIM). 

(e) SWI: soil wetness index (SIM). 
(f ) UHI intensity in K, MUSTARDijon.

(g) UHIe - UHIa: di�erence in K between UHI evening and UHI afternoon. 
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Fig. 10. Mean for ETa and SWI during the �rst seven days of the six long HS&HW. 
Light blue outline: Dijon administrative area (Dijon Métropole). 

Red outlines: built areas. 
Black dots: grid-points used in Figs. 8 & 9. 

(a) ETa in mm. 
(b) SWI.



Year Month Day HS/HW DLTn DLTx RR1 SH
2015 7 6 1 18,8 31,9 0 875
2015 7 18

2
19,1 32 0,2 314

2015 7 19 16,7 30,9 0 499
2015 7 20 17,6 31,9 0 556
2015 8 4

3

13,7 26,7 10,2 341
2015 8 5 15,1 31,1 0 720
2015 8 8 18,6 24,9 NA 132
2015 8 9 18,2 22,5 NA 7
2015 8 10 16,6 21,7 NA 1
2015 8 11 19,1 29,5 0 572
2018 7 28

4
15,8 25,9 0,4 253

2018 7 29 19,2 30,9 0 854
2018 8 1 19,1 29 0 639
2019 7 21 6 19 31,9 0 641

Table 1: Values for below-threshold days within long Hot Spell
HS/HW: Hot Spell/Heat Wave event.

Orange cells: DLTn ≤ 16 °C. Red cells: DLTx ≤ 32 °C.
RR1: Raingauge rainfall at Dijon-Longvic in mm.
SH: Sunshine duration (measured in minutes).

DLT: Dijon-Longvic air temperature at 2 m in °C.




